The thymus contains a population of B cells that colocalize with dendritic cells and medullary thymic epithelial cells in the thymic medulla. The development and functional significance of these cells are largely unknown. Using recombination-activating gene 2 GFP reporter mice along with parabiosis experiments, we demonstrate that the vast majority of thymic B cells develop from progenitors within the thymus. Thymic B cells express unique phenotypic markers compared with peripheral B cells; particularly they express high levels of MHC class II, suggesting that they are poised to present selfantigens efficiently. Using Ig knock-in and T-cell receptor transgenic mice specific for the self-antigen glucose-6-phosphate isomerase, we show that autoreactive thymic B cells serve as efficient antigen-presenting cells for T cell negative selection even when they are present at low frequencies. Furthermore, the endogenous thymic B-cell repertoire also functions in this capacity. These results suggest that developing thymic B cells could efficiently capture a broad array of autoantigens through their B-cell receptors, presenting peptides derived from those autoantigens to developing thymocytes and eliminating cognate T cells. N egative selection purges autoreactive T cells from the immune repertoire and is the major mechanism of central tolerance in the thymus. This process depends on presentation of self-peptides to developing thymocytes by antigen-presenting cells (APCs). The question of which APC presents self-antigen for negative selection has been investigated extensively. Initial studies using bone marrow chimeras found that bone-marrowderived hematopoietic cells are required for negative selection (reviewed in refs. 1 and 2). Many subsequent studies have demonstrated that cortical and medullary thymic epithelial cells (mTECs) can be quite efficient for negative selection as well (1-3). The role of mTECs in deleting T cells specific for tissue-restricted antigens has been highlighted by autoimmunity in both humans and mice possessing mutations in the AIRE gene, which controls the expression of tissue-specific self-antigens in mTECs (4).
The thymus contains a population of B cells that colocalize with dendritic cells and medullary thymic epithelial cells in the thymic medulla. The development and functional significance of these cells are largely unknown. Using recombination-activating gene 2 GFP reporter mice along with parabiosis experiments, we demonstrate that the vast majority of thymic B cells develop from progenitors within the thymus. Thymic B cells express unique phenotypic markers compared with peripheral B cells; particularly they express high levels of MHC class II, suggesting that they are poised to present selfantigens efficiently. Using Ig knock-in and T-cell receptor transgenic mice specific for the self-antigen glucose-6-phosphate isomerase, we show that autoreactive thymic B cells serve as efficient antigen-presenting cells for T cell negative selection even when they are present at low frequencies. Furthermore, the endogenous thymic B-cell repertoire also functions in this capacity. These results suggest that developing thymic B cells could efficiently capture a broad array of autoantigens through their B-cell receptors, presenting peptides derived from those autoantigens to developing thymocytes and eliminating cognate T cells. N egative selection purges autoreactive T cells from the immune repertoire and is the major mechanism of central tolerance in the thymus. This process depends on presentation of self-peptides to developing thymocytes by antigen-presenting cells (APCs). The question of which APC presents self-antigen for negative selection has been investigated extensively. Initial studies using bone marrow chimeras found that bone-marrowderived hematopoietic cells are required for negative selection (reviewed in refs. 1 and 2). Many subsequent studies have demonstrated that cortical and medullary thymic epithelial cells (mTECs) can be quite efficient for negative selection as well (1) (2) (3) . The role of mTECs in deleting T cells specific for tissue-restricted antigens has been highlighted by autoimmunity in both humans and mice possessing mutations in the AIRE gene, which controls the expression of tissue-specific self-antigens in mTECs (4) .
Bone-marrow-derived APCs include dendritic cells (DCs), B cells, and macrophages. In vitro assays comparing their relative antigen presentation efficiency showed that DCs were the most efficient, leading to the conclusion that DCs were largely responsible for negative selection in the thymus (5) . Although B cells are poor at presenting antigens via nonspecific uptake, they capture and internalize cognate antigens that are bound by their B-cell receptors and present them very efficiently (6, 7) . Therefore, antigen-specific B cells could be the most efficient APC on a per cell basis for a particular antigen.
The thymus contains a small population of B cells that make up around 0.1-0.5% of thymocytes (8) (9) (10) (11) (12) , similar to the proportion of DCs and mTECs in the thymus (13) (14) (15) . The origin of thymic B cells has been debated, and development from intrathymic progenitors and migration from the peripheral circulation have both been suggested (10, 12) . Because thymic B cells preferentially reside at the junction of thymic cortex and medulla, an area where negative selection is thought to occur, they have been proposed to play a role in T cell negative selection (8, 9) .
Although the capacity of thymic B cells to mediate T cell negative selection has been shown in superantigen and self-antigen overexpression models (16, 17) , it remains unclear what kinds of antigens thymic B cells present under normal conditions, the role of their antigen specificity, and what their overall influence on the T-cell repertoire is.
In these studies, we demonstrate that the thymic B cells develop from Rag-expressing progenitors within the thymus, and that recirculating peripheral B cells play a minor role in sustaining this population. Using Ig knock-in mice and T-cell receptor (TCR) transgenic mice that are specific for the same cognate self-antigen glucose-6-phosphate isomerase (GPI), we show that anti-GPI B cells are efficiently selected into the thymic B-cell compartment and express high levels of MHC class II and activation makers compared with those in periphery. Increasing the frequency of anti-GPI B cells results in more stringent T cell negative selection in the thymus in a B cell-autonomous manner. Furthermore, in B cell-deficient mice, negative selection toward GPI is decreased suggesting that the wild-type thymic B-cell repertoire contributes to negative selection for this physiologically relevant self-antigen. These results suggest that thymic B cells could efficiently capture a broad array of autoantigens through their B-cell receptors (BCRs) and present peptides derived from these autoantigens to developing thymocytes, linking B-cell autoreactivity with a mechanism for removing T cells with a shared specificity in the thymus.
Results
The Identification of Thymic B-Cell Progenitors in Thymus. The origin of thymic cells is still not well understood. Both intrathymic development and contribution from recirculating B cells have been
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In the thymus, developing T cells undergo negative selection to remove T-cell specificities that react to self-antigens. This process generates a T-cell repertoire that is tolerant to one's own tissues. It depends on antigen-presenting cells to present selfantigens to developing T cells. This paper characterizes the development and antigen-presenting function of a poorly understood population of B cells within the thymus. These cells develop intrathymically, are phenotypically distinct from all other B-cell lineages, and have properties that make them extremely efficient at presenting self-antigens to developing T cells. In particular, they accomplish this by binding to selfantigens with their specific B-cell receptors.
reported (10, 12) . To visualize developing thymic B cells, we used the Rag2-GFP transgenic mice (18) . GFP expression marks cells that are actively undergoing either TCR or BCR rearrangement, and due to the relatively long half-life of GFP protein, low levels persist in cells after its expression has been turned off, marking cells that have recently expressed Rag (19) . To enrich for developing B cells in thymus, we depleted bulk thymocytes with anti-CD4 and anti-CD8 antibodies. As shown in Fig. 1A (Fig. 1B) .
These data suggest a developmental relationship between these three populations as they transition from progenitors to more mature stages, which we confirmed by continuous BrdU labeling experiments. The B220 lo GFP + population is rapidly dividing with 22% of the cells incorporating BrdU after 12 h and 85% becoming labeled after 3 d, suggesting they have a high turnover rate (Fig. 1C) . In contrast, only 10% of B220 Although these data support the hypothesis that thymic B cells develop in the thymus, they do not directly address the contribution of recirculating peripheral B cells to the maintenance of this population. We studied parabiotic mice to determine the extent to which circulating B cells migrate to the thymus under steady state. Congenic CD45.1 and CD45.2 mice were parabiotically joined to allow for exchange of cells through the blood. Although splenic B cells exchange readily and reach equilibrium in a short period, the thymic B-cell compartment showed significantly less exchange, with an average of only 23% of cells being derived from the parabiotic partner after 6-8 wk of joining (Fig. 2) . Furthermore, within that 23%, some proportion can be attributed to exchange of thymic B-cell progenitors, as an 18% exchange was observed for CD19 lo B220
lo cells with a similar phenotype to the thymic B-cell progenitors described in Fig. 1 . For comparison, we also analyzed CD4 +
CD8
+ T cells in the thymus and immature B cells in the bone marrow, and detected little exchange (6% and 8%, respectively), consistent with what has been reported (20) . Altogether, these data suggest a minor contribution of recirculation to the maintenance of the thymic B-cell compartment.
Thymic B Cells Are Distinct from the B1 Cell Lineage. The initial characterization of thymic B cells showed that they express CD5, a marker of the B1a B-cell lineage in mice. By performing a more rigorous analysis of B1 lineage markers, we found that, although thymic B cells do express CD5, they possess a distinct and far more diffuse staining pattern of CD43 and no staining of CD11b (Fig. S1 ). B-cell development initially occurs in the fetal liver and then transitions to the bone marrow following birth. B1 B cells are preferentially generated from cells from the fetal liver, but inefficiently generated by bone marrow progenitors. We compared the capacity of fetal liver and bone marrow cells to reconstitute the thymic B-cell compartment of Rag-1 −/− mice that had been lethally irradiated. As expected, both fetal liver and bone marrow cells efficiently restored normal B-cell development in the spleen, whereas only fetal liver cells were capable of reconstituting B1 B cells in the peritoneal cavity (Fig.  3A) . Fetal liver and bone marrow cells restored the thymic B-cell compartment equally well, although neither of these sources managed to fully restore thymic B cells to their normal numbers (Fig. 3B ). These data suggest that thymic B cells and B1 cells are of different lineages and that both fetal liver and bone marrow cells are likely to contribute to thymic B-cell development. (Fig. 4B ). This absence of CD93 expression is unique to the thymic B-cell lineage rather than to a specific stage of thymic B-cell development as even the Rag2-GFP +
B220
lo progenitors do not express CD93. The combination of CD21 and HSA is able to distinguish transitional, marginal zone, and follicular B cells in the spleen (21) ; however, thymic B cells showed a rather homogeneous profile that does not overlap cleanly with any of the splenic populations (Fig. 4C) . The combination of CD21 and CD23 is useful for separating marginal zone and follicular B cells, and thymic B cells do not contain cells with the marginal zone B-cell phenotype (Fig. 4D) . We next assessed the activation phenotype of the most mature thymic B cells by gating on CD19
hi B220 hi cells. Thymic B cells expressed MHC class II at levels that were 4.5 times higher than splenic B cells (Fig. 4E) . Thymic B cells also expressed significantly higher levels of CD80 and CD86 compared with splenic B cells, and expressed similar levels of CD40, which is already upregulated on splenic B cells (22) . We also confirmed that thymic B cells colocalized with dendritic cells in the thymic medulla by immunofluorescence (Fig. S2) . All together, these data show that thymic B cells highly express the appropriate accessory molecules to participate in T cell negative selection and are properly localized in the thymic medulla where negative selection is thought to occur.
Development of Autoreactive B Cells in Thymus. We next wanted to test whether autoreactive thymic B cells could be efficient APCs for the cognate antigens of their BCRs. We used the 121 BCR knock-in mice specific for self-antigen GPI, derived from the K/BxN mouse model of rheumatoid arthritis (23) . We first examined the development of autoreactive anti-GPI B cells in the thymus and compared them to their counterparts in the spleen. To identify 121 B cells independent of their binding to GPI, we developed clonotypic antibodies (8H2 and 6B9) against the 121 heavy and light chain respectively ( + B cells in the thymus showed a similar trend of decreased survival with slightly slower kinetics (Fig. 5B) . These results suggest that autoreactive B cells still undergo some form of tolerance in the thymus; however, autoreactivity does not seem to impair their capacity to present antigens. (23) . All experimental mice also carry KRN TCR transgene and I-A g7/b alleles, and are therefore designated as K/g7, K/H/g7, and K/HL/g7, respectively. Relative to K/g7 controls, K/HL/g7 mice that bear both the heavy and light chain of the 121 BCR had a 2.3-fold reduction in total thymic cellularity and a 46% decrease in the CD4 CD8 double positive (DP)/double negative (DN) ratio, demonstrating increased death of developing thymocytes and enhanced negative selection along with a threefold reduction in the number of CD4 single positive (SP) thymocytes (Fig. 6A ). Analysis of K/H/g7 mice, which express only the 121 heavy chain and must rely on pairing with an endogenous light chain for GPI reactivity, showed an intermediate phenotype, with a 1.5-fold reduction in cellularity, a 29% decrease in DP/ DN ratio, and a 2.5-fold reduction in the number of CD4 SP thymocytes, suggesting that, even when the B-cell repertoire is skewed toward GPI at a more physiological affinity and precursor frequency, thymic B cells are still capable of shaping T-cell selection.
To confirm that the observed phenotype was due to enhanced presentation of GPI by thymic B cells rather than indirect contribution to other APCs (25, 26) , thymic B cells and DCs were tested for their capacity to present antigen to thymocytes in a classical in vitro assay in which DP thymocytes were cultured with APCs (27) (28) (29) . We used nuclear steroid orphan receptor Nur77 induction in DP thymocytes as readout because it was more robust than CD4/CD8 coreceptor dulling or apoptosis. B cells and DCs were enriched from B6, K/BxN, or K/HL/g7 mice, and cultured with thymocytes from KRN TCR transgenic mice crossed to a Nur77-GFP reporter mice (30) , which were maintained on a B6 background and had not previously encountered GPI. As expected, thymic APCs from B6 mice induced very little Nur77 expression in KRN DP thymocytes as they do not bear the A g7 allele that is required for GPI presentation. Thymic B cells from K/HL/g7 mice were capable of inducing substantial Nur77 up-regulation, and interestingly, even the normal repertoire of B cells from K/BxN mice was capable of inducing significant up-regulation over B6 controls (Fig. 6 B and C) .
In confirmation of previous reports that thymic DCs are capable of presenting GPI (31), CD11c
+ DCs from the thymus could induce Nur77 when they expressed the appropriate MHC allele. However, no enhancement of Nur77 induction was observed when DCs from K/HL/g7 mice and K/BxN mice were compared (Fig. 6C) , suggesting that changing the B-cell receptor repertoire had little effect on the antigen presentation by DCs in this system, and that the enhanced negative selection (Fig. 6A) was due to the increased antigen presentation by B cells. It is also interesting to note that thymic B cells from K/HL/g7 mice induced significantly higher levels of Nur77 than thymic DC's as measured by median fluorescence intensity of GFP. Although thymic B cells from K/BxN mice induced relatively fewer GFP + cells, they induced equivalent levels of GFP compared with thymic DCs (Fig. S4) .
Endogenous B-Cell Repertoire Contributes to Negative Selection of KRN T Cells. Given the ability of low affinity B cells to induce deletion in the K/H/g7 mice and the capacity of the wild-type A g7 thymic B cells to induce Nur77 in the in vitro assay, it seemed plausible that the endogenous thymic B-cell compartment could contribute to negative selection of GPI reactive T cells and that negative selection should be less efficient in B cell-deficient mice. To test this hypothesis, we crossed the K/BxN mouse model on to a μMT −/− background (K/BxN/μMT −/− ). K/BxN/μMT −/− mice had no mature B cells in the thymus (Fig. 7A) . They had double the thymic cellularity of μMT +/− littermates along with a 55% increase of DP/DN ratio and a 61% increase in the number of CD4 SP thymocytes. These results demonstrate that endogenous thymic B cells contribute to negative selection of KRN T cells.
Discussion
Our studies demonstrate that thymic B cells develop de novo within the thymus with minimal contribution from recirculating peripheral B cells. These thymic B cells express high levels of MHC class II molecules and possess unique activation characteristics and are capable of presenting self-antigens efficiently to mediate deletion of autoreactive CD4 + T cells. Previous studies on the role of thymic B cells in negative selection have used superantigen or B cell-specific expression of a model antigen (16, 17) . Whereas those studies demonstrated the capacity of thymic B cells in negative selection, our current study examined the importance of antigen specificity for thymic B cells. We propose that thymic B cells are most efficient for antigens they recognize and promote the deletion of "cognate" autoreactive T cells. Therefore, recognition of self-antigens by thymic B cells and T cells are linked. These data also suggest that thymic B cells could specialize in presenting a subset of self-antigens.
B-cell development is classically thought to be restricted to the bone marrow and, in early life, the fetal liver, but early thymic precursors retain some residual B-cell potential (reviewed in ref. 
IgM
− population within the murine thymus that when purified and injected intrathymically could give rise to mature B220 hi CD43 − IgM + B cells (10, 12) . The Rag2-GFP + B220 lo population that we describe falls within this B220 lo CD43 hi population. However, GFP + cells only constitute 20-30% of the B220 lo CD43 hi population, suggesting that B220 lo CD43 + cells are not simply the equivalents of pro-B cells in the bone marrow and that it may contain earlier progenitors. up-regulation of surface Ig on a subset of B220 lo GFP + cells. The detection of more mature B220
hi thymic B cells with residual GFP expression also strongly argues that B-cell development is an ongoing process in the thymus. Earlier attempts to quantify the recirculation of peripheral B cells to the thymus used transfers of very large numbers of splenic B cells and found very little thymic chimerism; however, the conclusions were limited by an inability to account for the contribution of nonsplenic B-cell populations and poor survival of transferred cells (10) . Our studies show that from the pool of all recirculating B cells, there is very little thymus homing capacity, and that the thymic B-cell compartment more closely mimics other cell populations that develop within the thymus.
The combination of markers used to distinguish immature, transitional, marginal zone, or mature follicular B cells were not very informative for differentiating thymic B-cell subsets. Although thymic B cells do express CD5 and CD43, markers with distinct expression patterns on B1 cells in the peritoneum, thymic B cells appear to have a more continuous range of expressions. Even though CD5 is commonly associated with the B1 lineage, it is more broadly recognized as a marker of ongoing BCR and TCR stimulation (33, 34) . Increased autoreactivity along with the activated phenotype of thymic B cells could also account for the up-regulation of CD5. Two additional lines of evidence suggest that thymic B cells are not related to the B1 lineage. First, it has been shown that B cells bearing the 121 BCR are not selected into the B1 B-cell compartment (23); however, a high proportion of thymic B cells express this specificity in the knock-in mice. Second, both bone marrow and fetal liver cells can reconstitute thymic B-cell compartment equally well (Fig. 3 and ref. 35) .
The de novo development of B cells in thymus raises the question of how the thymic B-cell repertoire is selected compared with that of the bone marrow or the periphery. In 121 knock-in mice, most of the tolerance checkpoints that act on the 121 + B cells take place in the spleen, where they are arrested in maturation, have a fast turnover rate, and are outcompeted by nonautoreactive B cells with age (23) . The high proportion of 121 + B cells in thymus particularly in young animals more closely resembles the development in the bone marrow. However, the fact that 121 + B cells are gradually outcompeted in the thymic B-cell compartment suggests that autoreactive thymic B cells are counterselected similar to peripheral B cells.
As APCs, B cells are unique in that they are most efficient for antigens recognized by their BCRs, but the frequency of a given specificity is rare within the repertoire. Are these low-frequency B cells sufficient to purge autoreactive T cells? A similar scenario has been encountered for mTECs as only a small fraction (∼1%) of mTECs will express any particular tissue-specific protein (15) . Using the KRN TCR transgenic system, we were able to demonstrate that even when GPI-specific B cells are present at low frequencies (less than 5% in H/g7/K mice) that they are still capable of exerting a significant effect on T-cell selection. We further confirmed that GPI-presenting B cells are detectable in the unmanipulated thymic B-cell repertoire, and the data from the K/BxN/μMT −/− mice suggests that even this endogenous frequency of GPI-reactive B cells contributes to negative selection of KRN T cells. It has been proposed that thymocytes have time and the occasion to be scrutinized (36) . Thymocytes reside in medulla for at least 4-5 d and are extremely motile. This behavior, along with the low turnover rate and perfect location of thymic B cells, may facilitate the interaction of cognate T and B cells in the thymus.
What kind of autoantigens do thymic B cells preferentially recognize and present? The Nussensweig laboratory and others have demonstrated that even after central tolerance in the bone marrow, between 55% and 75% of B cells in the immature B-cell compartment show some degree of autoreactivity or polyreactivity, and that these specificities are not removed until they reach peripheral tolerance checkpoints in the spleen (37) . In addition, thymic B cell may also present peptides from the highly diverse 
Total CD4SP Cells regions of the B-cell receptor itself, as T cells that are specific for BCR peptides can become pathogenic if they escape into the periphery (38, 39) . Recent studies tracking autoreactive B-cell populations in the wild-type repertoire have argued that for some classes of self-antigens, B-cell tolerance is achieved not by deletion or anergy but largely through a lack of cognate T-cell help (40) . Overall, these data support a model where thymic B cells couple a broad recognition of self-antigens with an enhanced antigen-presentation capacity to purge cognate T cells from the developing repertoire.
Materials and Methods
Mice. Rag2-GFP were maintained on B6 background. The 121 BCR knockin mice, KRN TCR, μMT −/− /B6, μMT −/− /NOD, B6.H2 g7 , and Nur77-GFP mice were described (23, 24, 30) . Unless otherwise stated, 6-to 12-wk-old mice were used in experiments. See SI Materials and Methods for generation of parabiotic mice and bone marrow chimeras. All mice were housed in a specific pathogen-free facility, and experiments were approved by the University of Chicago Institutional Animal Care and Use Committee.
Analysis of Thymic B Cells. Thymi were dissected carefully to avoid the thymic lymph nodes. Thymic B cells were enriched by either depleting bulk thymocytes with anti-CD4 (GK1.5) and anti-CD8 (2.43.1), or by positive selection with anti-B220 (RA3-6B2) using MACS microbeads (Miltenyi Biotec). For BrdU incorporation studies, mice were injected intraperitoneally with 1 mg of BrdU (Sigma) every 12 h for the indicated period. BrdU was detected by a BrdU Flow kit following the manufacturer's protocol (BD Biosciences). See SI Materials and Methods for antibodies used in flow cytometry.
In Vitro Negative Selection Assay. Thymi from individual mice were collagenase digested, and enriched for either B220 + or CD11c + cells by double enrichment using AutoMACS separator (to greater than 80% purity as determined by CD19 or CD11c costaining with MHC Class II). A total of 1.0 × 10 5 KRN TCR transgenic thymocytes were mixed with 0.5 × 10 5 sorted thymic APCs in a round bottom 96-well plate. After 12 h, cultures were stained with anti-CD4, anti-CD8, and anti-Thy1.2. Expression of Nur77 in DP cells was assessed in Thy1.2 + cells within the lymphocyte gate.
Statistical Analysis. Statistical analysis was performed by Student's t test; *P < 0.05, **P < 0.01, ***P < 0.001.
